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Fluid impact craters and hypervelocity--high 

velocity impact experiments in metals and rocks 

11 By E. J. Moore, D. E, Gault- , and 
11 R. W. MacCormack 

Abstract 

The effective deformation strength for a hemispherical water crater 

is equal to the sum of strength due to hydrostatic pressure head, the 

strength due to surface tension and the estimated viscous head loss, as 

shown in the following equation: 

= - 3 P8P + a+ sW 8 

where: p is the density of water. 

2 
tTp 

g is the acceleration of gravity, 

p is the maximum crater depth, y is the surface tension of water, p is 

the viscosity of water, t is the duration of the cratering event, do dt 

is the radial velocity of the fluid shell, and Vol 

projectile. 

manner are in substantial agreement with calculations of deformation 

strengths u s i n g  a formula derived on a theoretical basis by Charters and 

Summers for impact craters formed in metal targets in the fluid-Impact 

is the volume of the 
P 

Deformation strengths of water which are computed in this 

regime. 

Fluid-impact or near-fluid-impact craters in metals and rocks may be 

correlated with fluid-iupct craters produced by water drops impacting 

- 1/ Hatianal Aeroaaatics and Space Adainistratioa, Asses Research Center, 

Nof fett Field, California- 
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with water when the deformation strength of rocks and metals are related 

to the shear or compressive strengths of the target materials. Although 

the correlation using strengths at law confining pressares is not in 

perfect accord with theory, the use of the product of the heat of fuabn 

and density of the target material as a max- possible deformation 

strength suggests that the effective deformation strength for rocks and 

metals during impact lies between the unconfined colppressive strangth and 

the product of the heat of ~USIOR and density of the target material. 

use of &ear strengths and densities of the target at 49-lciloba~s confining 

pressure -roves the correlation between craters produced ia metals near 

the fluid-impact regime, the theory of Charters and S-s, and craters 

produced by water drops impacting water. 

exactly with water craters and metal craters when the target shear strength8 

and densities at 49-kilobars are used, but such a difference should be 

expected. 

i 

Tlre 

Craters in rock do not correlate 

It is concluded that shear or compressive strengths of the target 

material are more realistic parameters t~ use in correlating fapact-crater 

data than acoustic velocities. // 

’,( f- 
. t  

/- 
II I t ,Ji - 

i. L J  L, 
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Introduction 

The impact phenomena of hypervelocity and high-velocity projectiles 

with rock and metal targets are being studied in a cooperative research 

program, by the U.S .  Geological Survey and the Ames Research Center of 

the National Aeronautics and Space Administration. 

with the comparison of: (a) fluid-impact craters produced by water drops 

impacting water, (b) hypervelacity and high-velocity impact craters pro- 

duced by impact of steel, aluminum, and polyethylene projectiles with 

basalt, and (c) hypervelocity and high-velocity impact craters in metals. 

The theoretical formula of Charters and Sumners (1959) is tested in 

This paper deals 

this investigation. The formula, as tested, is appruximately valid for 

impact of water drops into water. 

that deformation strengths of metals and rocks are placed at some value 

between a maximum possible deformation strength of the target material 

and its compressive strength at low confining pressures. 

deformation strength is represented by the product of the heat of fusion 

and density of the target material. The use of shear strengthe and 

densities of the metal and rock-target materials at 49 kilobars for 

parameters yields fair agreement between (a) craters produced by water 

drops impacting water, (b) the theory of Charters and Sunmsrs, and (c) 

hypervelocity impact experiments in and near the fluid-impact regime 

using rock and metal targets. 

In addition, the formula demonstrates 

The maximum 

It is concluded that shear or compressive strengths of the target 

material are m r e  realistic parameters than acoustic velocities, because 

water-drop cratering experintents cannot be correlated with theory or high- 

to hypervelocity impact-cratering experiments in rocks and metals when 

acoustic velocity is used as a parameter. 
3 
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Cratering theory of Charters and Snmners 

A quantitative theory for craters produced by projectlle impact 

i n  the fluid-impact regime has bees proposed by Charters and Stxmmers 

(1959). 

spherical shell composed of both the projectile and the target material 

is assumed to  be equal to the prajectile nwmentum by analogy with the 

ba l l i s t ic  pepdulum: 

In t he i r  theory, themomentum of a mniformly expanding heai- 

= m v  mfS'fS p p' 
W k f !  

m = mass of flrsid shell, 

= velocity of fluid shell, 
fs 

Pf s 

m = MSS of projectile, 
P 

= velocity of pro jectlle. 
vP 

The kbetic enem of the pzojectile is then corapared t o  tbe kinetic 

energy of the f b i d  shell  wiag the hydraulic analogy of the shaped 

charge penetratLon fur which 

(3) 

The kigetic energy of the fluid shell I s  assumed t o  be used ia the work 

of deforaaticm fa formiug the crater: 

T f S G  1 = i' S M d r ,  (4) 

where 

S = the deformation streqgth, 

p = the 8~aximua crater depth, 

r = the radius of the heaaispkrical crater cavity. 

4 
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Integration, when S i s  constant, gives 

1 2 - 2 fs  s1 f s  = T l q 1 3 S ,  

and since 

mfStrf; = - m v a  
2 P P ’  

then 

or 
3m v a 

s -  ,*. 

Tha, talc.€= into account experimental data and rearranging 

terms, the metration formula becoees 

which can be rewritten 

where 

d = diameter of the projectile, 

= density of the projectile, 

= density of the target. 
pP 

pt 

5 
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Dr. Engel's water craters 

Prelimimary studies of craters praduced by water drops impacting 

water (Engeil, 1961) yield data that permits a quantitative test of the 

fluid-impact theory of C h a r t e r s  and w r s .  

employed project i les  of 11 mg, 56 mg, and 183 

velocities of 400 t o  700 w t / s r r ~ .  

temporary craters from 7.25 P to 21.9 11111 i n  depth. 

points out mimy similarities between the water-drop experfPaeats aad soare 

hypervelocity trpact experheats. 

The water-drop experirrents 

which impacted water with 

TIE experiments of Engel productd 

In addition, E-1 

Defermation strengths of the water for each experirtmt can be cal- 

culated in two ways: 

properties of water and the experimental *asuremmts and (2) by eraploylng 

the theary of Charters and S~~lllers. 

(1) by employing a knowledge of the physical 

Three types of resist- oppose the process of crater formation 

in water: (1) the hydrastatic ptessure head, (2) surface tensian, aad 

(3) the *sistm#e of the water to f l o w  (or v i w s i t y ) .  

strength them becomes 

The defermatian 

where 

defarmatioa s t r m t h  of water, 

dptgsity of water, 

acceleration af gravity, 

a depth or vertical coaxdinate, 

a velocity grad-, 

6 
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- 2  
p = viscosity of water (10 dynes-sec/d), 

y = surface tension of water (72 dms/cm). 

During the cratering process in water the deformation strength 

related to the hydrostatic pressure head increases from zero to some 

finite value since z increases from zero to p or the maximum crater 

depth. The effective deformation strength resulting from the hydro- 

static pressure head ~aap be obtained by computing the work required to 

form a crater against the hydrostatic pressure head and relating this 

to the final crater volume, The work required to form<a hemispherical 

crater against the hydrostatic pressure head may be expressed 
pVol 

where 

Whh * work expended in overcoming hydrostatic pressure 
head, 

dF = incremental force on an incremental volume of 
water resumed from crater to surface of water, 

p = nraxilprpI1 crater depth of hemispherical crater, 

= density of water, pw 

g = acceleration of gravity, 

z = depth or vertical coordinate, 

d(Vol)= an incremental volume of water removed from crater 
to surface of water, 

Integratian sf equation (11) m l d s  

- 2eat 
'hh - 4 

If the mean or effective deformation strength due to the hydrostatic 

pressure head is defined by k, then 

7 
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and 

The mean or  effective deformation strength due to surface tension 

may be derived in a similar SMZ&WET. The work required to overcum 

surface teasion is 

%t 

where 

= work expended in  overcoming surface tension, 

= surface tension of water, 

wst 

y 

dA = the chamge in area, 

p = nm~imtnu cramr depth of hemispkerical c r a e r ,  

then 

aad 

wkre 

%t = %t SF 2n 9 dr,  

= effective or mean deformation streagth doce 
to sturface tenaion, Sst  

or 

5. A. (18) 
Sst P 

Approximate values for the deformatioa s t r e q t h  of the water due t o  

viscosity during the cratering process may be obtaiued by assta ing  that  

the flow of the projectile and target material occurs near the projecti le- 

target interface. The flowwerrrld occnr within a layer having an e f fec t iw  

thickxess equal to twice the thicksess of the prajecti le smeared evenly 

over a hepispherical crater a t  maximum depth. A l s o ,  i t  may be assumed 
8 



that the average velocities of the f l o w  are approximately equal to  the 

average radial velocities of the fluid shell. The estimated deformation 

strength due to  viscosity then becospes 

where 

S = deformation strength dw t o  viscosity, 
P 

p = viscosity of water * 
t = duration of cratering eveat, 

= radial veloci ty  of fluid shell, d t  

vol = mlrrme of preject i le ,  

p = maxipaam crater depth 
P 

-e Vt velocity gradient, 
x 

The calculated deforcatioa stremgths far the individual q r h e n t s  

of water impact- w a t e r  @ngels 1961) usimg the effective doformath 

strengths dae tu hydrostatic pressare head, surface teasioa, and viscass 

tread loss and assuming hemispherical craters are tabulated (table 1). 

Deformation strexagths for the water craters assuming spherical pro- 

ject i les  and hedspherical craters have been calculated using the CBarWrs- 

Summers theory (equation 9). 

table 1, columu 5 ,  

p i s  the max- crater depth. 

These defemt ion  strengths are listed in 

In addition, the data are plotted in  fim 1, where 

The assmaption of hemispherical water craters which are actaally 

prolate bed-spheroids leads t o  minor errors, so that the ealctrlatims 

represent approximate v a l e s  fer the mean or  effectiwz deformation 

9 
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strength of the water craters. ‘Rte calculations do give f ~ s  a magnitude 

for the laem or effective cleftmaation strength of the water darrOg 

crateriag this magnitude i s  Bear 1 x l e d  

10 
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-Points plotted using the Charters- Summers theory. 

0 - -Pr ints  plotted using mean hydrostatic pressure head ,  
surface tension, and e s t i m a t e d  strength due to 
viscosity . 
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Figure 1. Graph comparing deforniat ion strength of water computed 
by using the mean hydrostatic pressure head, surface tension 

and estimatrd strength due to viscosity, and the theory 
of Charters-Summers. 
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Par- ter s 

Various parameters have been used tu correlate h m m l o c i t y  fluid- 

impact experiments. 

S-rs (1959) relates the experimental data on pe~letration ta the pro- 

The familiar empirical fermnla of Charters and 

jectile diameter, projectile density, target density, prujectile velocity 

and the acoustic velocity of the target material: 

The acoustic velocity is then correlated with Yosrag's d u l a s  

(Et) of the target material: 

E 
e= +. (21) 

P t  
In addition to the above pa taee te rs ,  the following may be used: 

wbere 

K = a constant, 

= hefor-athm strength. St 

These paraoPeters were selecW primarily m the basis of equation 9. 

The term p:/S: has the dimensions of tiPle/distance and may be considelcgd 

as the reciprocal of a velocity which i s  characteristic of the target 

material. 

Experimental data wing eqaation 22 for *act of =ta l  projectile into 

metal, metal projectile into rock, and water projectile into water are 

shown ix figure 2. 

root of the heat of fusion i n  place of p:/S: has bema i a c l d e d  ia figure 2. 

In addition, a p lo t  using the reciprocal of the s q w  

This par=ter, which has been suggested by Bromberg ( in  PalPer and Q-S, 

1960, p. 8), also has the dimensions of timPe/distaace. 

13 
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( target density target  r t r e n g t h h  

Figure 2. Graph comparing c r a t e r s  produced by impact of water drops 
i n t o  w a t e r ,  metal spheres impacting copper and lead t a r g e t s  and m e t a l  
and polyethylene spheres impacting rocks using pt%/St% as measured g t  
normal confining pressures.  A plot  f o r  copper and lead c r a t e r i n g  ex- 
periments using t h e  r e c i  roc  1 of t h e  square root  of t h e  t a r g e t ,  heat 
of fus ion  i n  p lace  of pt P t  /St i s  included. 
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Figure 2 is based on experimesxtal data for impacts using rock 

targets, Moore and Gault (1962), Sumers (1959), the Wtals  Eandbo& 

(Lymaa, 1958, p. 905-909, 961-962), and acta1 determination of shear 

strengths of the rocks. The shear strengths used were as follows: 

cupper - 1.53 x 18 dynes/&, 

lead = 1.26 x l@ dynes/&, 

basalt - 8,6 x l @ d F s / c d ,  

~aady d o l d t e  - 2.8 x 18 d p s / d ' ,  aad 

saad~tane - 1.9 x lo" apes/&. 

A value €or the heat of fttsiop of 2.12 x 109 ergs/gram was used fer 

copper targets and 2.62 x 18ergs/gram was  used for lead targets. 

If the s\~p1 of the =an hydrostatic pressure head, the =an surface 

tension factor,aud the viscous head loss i s  considered t o  be analogotrs to 

compressive strength which is twice the shear strength for ideal plastic 

failure, the plot of the exper-tal data for metals a d  racks wotlld be 

moved toward the l e f t  by a factor o f J2  when compressive streggths were 

used instead of shear strengths- Such a shif t  would reduce the difference 

b e t w e e n  the experimzntal data for .retals and rocks and the data for water. 

The strength of rocks and metals with h c r e a s b g  confining pressore 

i s  not constant. 

of the strength of the target material at elevated confinfng pressures 

because high confining pressures are produced during crater formatiem by 

@act of hypervelocity projectiles, 

the target is taken as the  product of the heat of ftlsioB and W i t y  of 

the target raterial, the deformatioa strength during cratering by hyper- 

velocity and high velocity impacts wuuld lie betroeen the compressive strength 

a t  low conf- presmues and the heat of fusiom mlt ip l i ed  by the target 

density. 15 

More precise plotting of data would require a knoaledge 

I f  the maxjmum possible: strength of 



Strengths and densities a t  elevated confining pressures 

Although considerable information about the density of s ~ l e e  materials 

up t o  700 kilobars confiniag pressure, and in  soae cases up to several 

megabars, i s  kaoM ( R i c e  and others, 1958, and Al'tshnler and others, 

1960), l i t t l e  i s  known about the strength of materials above 49 kilobars. 

However, the existing data on the strengths and densities of metals and 

rocks may be used to  i l lus t ra te  how the parameter p?/S: and the plot 

of cratering experiments in and near the fluid-impact regime might 

improve correlation of iJupact-cratering expe rhn t s .  

The plots of hypervelocity-@act data for copper and lead in aud 

near the fluid-impact reg- indicate that p '/S: i s  constant because 

of the constant slope of 73 (Sumers, 1959), I f  it i s  further ass-d 

that p:/Stf for w t a l s  becoges constant a t  and above 49 kilobars and 

p /p is  esseatially ccrastant, the shear strength and density a t  

49 kilobars (Wid- 1935& apd Rice and others, 1958) may 'be used to  

evaluate p '/s f at elevated pressures. 

t 

P t  

t t  

Justification for the assumption that p /p is constant ray be 
P t  

obtained from compressibility data obtained with shock techniqtres. 

Compressibility ratios for copper, lead, altmxhsa, iron, and magm2sima 

projectiles and copper and lead targets range betoFeea 0.850 and 1.065 

a t  100 kilobars and 0.850 and 1.175 at  500 kilobars. Thus the assumptian 

of a constant ratio for p /p is valid withia f10 percent a t  100 kilobars 

and f16 percent a t  500 kilobars and is within the scatter of experimental 

data for metals and rocks (see, for  example, Charters and Smmners, 1959; 

and Summers, i959, p. 13). The shear strengths for lead and copper at 

49 kilobars are 710 kg/cu? (6.96 x 163 dynes/&) and 4700 k g / d  

P t  

16 
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(4,6 x 109 dynes/cd) (Bridgman, 1935). 

which were obtained by extrapolation of densities obtained with shock- 

wave techniques (Rice and others, 1958) and static compression techniques 

(Bridgman, 1935) are 12.4 grams/an3 and 9.35 grams/cm3 at 49 kilobars. 

The densities of lead and copper 

The use of the shear strengths and densities at 49 kilobars con- 

fining pressure - yie lds  good results (ccnnpare fig. 3 ) -  

ID contrast with plots using shear strengths at low cunfiaing pressures, 

impact data for lead and copper are practically coincident. 

the agreement between fluid impacts produced by water drops into water 

and impact craters produced by metal projectiles into =tal targets near 

the fluid-impact regime is improved. 

In addition, 

Similar data are available for some rocks. In the case of basalt, 

no data are available for shear strengths at 49 kilobars. 

extimate of 15-5 x 1 8  apes/& for the strength of basalt at elevated 

confining pressures can be made u s i n g  the shear strength of basalt 

glass, which is 17.0 x 109 dynes/&, and pyroxenite, which is 14.0 x 109 

dynes/cnf (Brid-, in Robertson, 1955) Justification for this estimate 

is based on generalizations of shear strengths of rocks which tend to be 

approximately the same at elevated eonffning pressures (Robertson, 1955). 

The density of basalt at 49 kilobars may be estimated with data from 

shock-wave techniques (Lombard, 1961). Such an estimate yields 2.9 to 

3.0 graras/cm3. 

However, an 

The data plotted for basalt fall ta the left of the =tal and water 

craters (fig. 3). Such a difference should be expected because of the 

difference in the cratering process in metals and water and in rocks. 

This difference is due tu the low tensile strength of rocks at low 
17 
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0 Water craters (Engel, 1961) 
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7. :igure 3 .  Graph comparing craters produced by impact of water 
drops into water, metal spheres impacting copper and lead 

targets,  and metal and polyethylene spheres impacting 

confining pressure. 

b basalt using zt%/St2  as estimated for 49 kilobars 
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confining pressures. 

experiments, the projectile i s  ejected completely from the crater along 

with ruck debris, whereas in  the case of = ta l  craters the projectile 

smears out a d  plates the crater floor and walls (Swmers, 1959). 

Plating also occurs in craters produced by water-drop impacts with 

water (Engel, 1961; Charters, 1960). 

For craters of the scale of the laboratory 

Proper appraisal a d  use of the parameters in equatiaa 22 wuuld 

require the -ledge of the average deformation strength of the target, 

the average density of the prajectile, aad the average density of the 

target during the cratering process. 

19 



Acoustic velocity as a paranteter 

The primary problem with acoustic velocity as a parameter is shown 

clearly in the case of fluid impacts of water into water. 

the acoustic velocity of water (which is 1.5 kdsec) in Engel's expexi- 

ments did not permit plotting of the fluid-impact water-drop experiseats 

and the fluid-impact metal and rock experiments togethex In the s i ~ ~ e  

decade on log-log paper. In coatrast, the use of either c a s p r e s s l ~  

strength at low or high confining pressure divided by the target 

density or the target heat of fusion permits such a plot. 

The use of 
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1. The target strength is a more realistic parameter than the 

target acoustic velocity for correlation of data for hypervelocity 

impact craters in the fluid-impact regime and low-velocity hydrodynamic 

or fluid-impact craters. The partial success obtained when using target 

acoustic velocity is probably the result of a close correlation between 

streagth and acoustic velocity for certain materials (see for example, 

Mauer and Rinehart, 1960), but the correlation does not hold for 

materials such as water. 

2. The theory of Charters and Suunners is approximately valid for 

fluid-impact craters produced by water drops impacting water and other 

impact craters in the fluid-impact regime. 

3. Dynamic strengths of materials which yield under impact in the 

fluid-impact regime are greater than the strengths at low confining 

pressure but less than the product of the target density and heat of 

fusion when significant amounts of vaporization of the target do not 

occur. 

4. The effects of target strength and target density at elevated 

confining pressures 4-b for craters in rocks and metals pro- 

duced in the fluid-impact regime can be semiquantitatively assessed 

using the existing data at 49 kilobars. 

fair agreement with theory, water-water impact, and reduces the dis- 

crepancy between lead and copper experimental data when shear strengths 

at low confining pressures are used. 

Such data at 49 kilobars give 

5. Hypervelocity impact craters in rocks should be deeper than 

corresponding craters in metals and water in the fluid-impact regime 
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because the projectile is ejected along with debris in the case of rock, 

whereas plating of the projectile on the crater floors and walls occurs 

in metal and water craters. 

6 .  More data on strengths at elevated confining pressures are 

needed in order to resolve the problem of the selection of parameters 

for correlation of hypervelocity impact data. 

I 
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